Libraries by an authorized administrator of DigitalCommons@University of Nebraska -Lincoln. Red clover produces (-)maackiain, and pea produces predominantly (+)pisatin and small amounts of (-) maackiain [13] . Maackiain and pisatin were chosen for study because it appears possible, by the introduction of one or a few genes, to create transgenic plants which produce either enantiomers, or close analogues of these compounds ( Figure 1) [9]. In addition, genetic and biochemical evidence indicates that tolerance of (-)maackiain and (+)pisatin may be required by some fungi for pathogenicity to plants which produce these phytoalexins [9, 14) .
Introduction
Phytoalexins, antimicrobial compounds produced by plants in response to infection by microorganisms, are considered part of an active disease resistance mechanism [1] . Cruickshank et al. [2, 3] observed that (+)pisatin, the predominant phytoalexin synthesized by garden pea, generally was less toxic in vitro to fungal pathogens of pea than to non-pathogens, and he proposed that some pathogenic fungi circumvent disease resistance based on phytoalexin production by being tolerant of their host phytoalexins [4] . Exceptions exist to the general pattern described by Cruickshank [5, 6] . For example, pisatin is quite toxic to Aphanomyces euteiches [7] , but the organism colonizes pea tissue in which pisatin is present. However, in general, fungi are often found to be tolerant of host phytoalexins and sensitive to non-host phytoalexins, corroborating Cruickshank's observations [8] . In addition, experimental verification of Cruickshank's original proposal has been obtained in a few cases [9] [10] [11] .
The potentially greater toxicity of non-host phytoalexins to pathogenic fungi might be exploited, at least in those cases where tolerance is required for pathogenicity, for disease control. The strategy would be to engineer plants to synthesize non-host phytoalexins, in addition to the normal complement of host compounds [9, 12] . For this approach to be effective, the pathogens must be sensitive to the newly-synthesized non-host compounds as well as elicit their production.
In this study, 36 isolates representing 19 species of fungal pathogens and non-pathogens of red clover (Trifolium pratense L.) and garden pea (Pisum sativum L.), were assayed for growth inhibition by enantiomers of the isoflavonoid phytoalexins pisatin and maackiain ( Figure 1 ). The fungi include members of the Ascomycetes, Basidiomycetes, and Deuteromycetes. Representatives of the Oomycetes were not included because their in vitro responses suggest that tolerance of host phytoalexins is not required for pathogenicity [6] .
vious studies have indicated that detoxification is a tolerance mechanism for some fungi [9] . To address this objective, the abilities of selected fungi to metabolize (+) and (-)pisatin were measured.
Results

Toxicity of host phytoalexins
The toxicity of a compound to a fungus was determined by recording the inhibition of radial mycelial growth of the fungus on agar medium, using a modification of a previously published assay [15] . An inhibition value of 40% was chosen as the value at which to classify a fungus as sensitive or tolerant to a phytoalexin. Based on previous studies with (+)pisatin and (-) maackiain in which this assay was used, isolates of Nectria haematococca mating population (MP) VI inhibited ≥ 40% were unable to metabolize pisatin or maackiain, and were low in virulence on pea [15] [16] [17] and chickpea (Cicer arietinum L.) [14, 18] . In cases where multiple isolates of a species were assayed, each isolate was evaluated individually in the comparison of the responses of pathogens with non-pathogens.
Fungi which infect red clover, Sophora japonica L. (Japanese pagoda tree), chickpea, or pea (Table 1) should encounter (-)maackiain as a host phytoalexin [13] , while fungi isolated from Indigofera sp., corn (Zea mays L.) and bean (Phaseolus vulgaris L.) would not. (-)Maackiain was more toxic to the non-pathogens of (-)maackiain-producing plants than to the pathogens ( Figure 2 ). Five of seven non-pathogens were inhibited more than 40%, whereas only three of 29 pathogens were. Similarly, (+)pisatin was more toxic to fungi which do not colonize pea than to fungi which do ( Figure 3 ). Among non-pathogens of pea, 17 of 23 were inhibited more than 40% by (+)pisatin, while only two of the 13 pathogens were. These two sensitive isolates (28 and 29) were isolated originally from pea but proved to be nonpathogenic when tested. The proposed terminal steps in the biosynthetic pathways for (-)maackiain and for (+)pisatin [9] . Arrows marked with ? indicate conversions that have yet to be verified. 
Differential toxicity of enantiomers
In comparisons of the toxicity of (+) and (-)maackiain to pathogens of (-)maackiain-producing plants, 20 of 29 isolates reacted to the enantiomers differentially ( Figure 2 ). In 19 cases, (+)maackiain was more toxic than (-)maackiain. The isolates of Fusarium reticulatum, which infect a plant that produces both enantiomers [19] , were not significantly affected by either compound (Figure 2) .
On the other hand, (-)pisatin does not appear to be generally more toxic than (+)pisatin, either to pea pathogens or to other fungi ( Figure 3 ). Ten of the 13 pea pathogens were approximately equally tolerant to both enantiomers. Twelve of 13 pathogens of red clover were inhibited more than 40% by one or both of the enantiomers. Although eight of these isolates showed significant sensitivity to the pisatin enantiomers, differences in each direction were equally frequent. An exception was isolate 1 (Aureobasidium caulivorum), which was inhibited strongly by (-)pisatin and not at all by (+)pisatin. The pathogens of S. japonica were unaffected by either (+) or (-)pisatin.
Metabolism of pisatin enantiomers
The ability of 29 of the fungal isolates (representing 17 species) to metabolize pisatin was assayed by a modification of a previously published procedure [17] . The modification was a lower concentration of pisatin than that typically used in the assay; the lower concentration had been shown previously to be non-inhibitory to the fungal isolates. Isolates for which ≤ 80% of the pisatin remained were considered able to metabolize pisatin. All but six of the 29 isolates could metabolize both (+) and (-)pisatin ( Table 1) . Of these six, all of which were non-pathogens of pea, three isolates (1, 33, and 36) could metabolize neither compound and the other three (28, 29, and 35) could metabolize only (-)pisatin. Two isolates, 5 and 13, metabolized (-)pisatin more extensively than (+)pisatin, but the rest metabolized both enantiomers approximately equally.
Discussion
(-)Maackiain and (+)pisatin generally were more toxic to fungi which would not encounter these compounds in planta. The data agree with the pattern described by Cruickshank and others [2, 3, 8, 20, 21] . As they observed, the pattern is not an absolute one; for example, F. reticulatum was unaffected by either (+) or (-)pisatin.
(+)Maackiain was generally more toxic than (-) maackiain to fungi which colonize red clover and pea. That is, in some cases alteration in the stereochemistry of a host phytoalexin produces a compound that is more toxic to a pathogen than the normally-occurring enantiomer, and suggests that plants engineered to produce (+)maackiain might have increased resistance to some pathogens. This result differs from that of Sekido et al. [22] . In work with oryzalexins, phytoalexins synthesized by rice (Oryza sativa L.), the native (+) enantiomers were more inhibitory than the non-host (-) enantiomers to Magnaporthe grisea, the rice blast fungus.
Few of the pea pathogens were affected significantly by either enantiomer of pisatin. Based on this evidence, it appears that the production of (-)pisatin would not be a useful approach to increasing the resistance of pea to its pathogens. A large number of the fungi were able to metabolize the pisatin enantiomers, and there was little correlation between ability to metabolize an enantiomer and Values are expressed as a percentage relative to growth on control plates, and are the means of three to eight experimental means. Isolate numbers with asterisks indicate significant differences between enantiomers, determined in a one-tailed Mann-Whitney rank sum test (P = 0.05). Hosts of these fungi and the phytoalexins they produce are noted below the isolate numbers. "Other" refers to isolates not pathogenic on a plant producing either enantiomer of maackiain. differential tolerance to it. For example, isolate 1 could not metabolize either enantiomer, yet demonstrated extreme differences in sensivitity to the compounds; isolates 28 and 29 metabolized only (-)pisatin, but had similar sensitivities to the compounds (Table 1, Figure 3 ). Demethylation of (+)pisatin has been implicated as a key detoxification step for several fungal pathogens of pea, particularly N. haematococca MP VI [9] , and the rate at which demethylation occurs may also be important for tolerance in this fungus [15] . Isolates of N. haematococca able to demethylate at moderate to rapid rates are tolerant of pisatin, while isolates with a slow rate are more sensitive to pisatin, as are those with no demethylating ability. In the present study, a noninhibitory concentration of pisatin was used for the metabolism assay, and the amount of pisatin remaining was measured after the fungus had ramified throughout the amended agar medium. The assay did not measure the rate of pisatin metabolism during exposure to an inhibitory concentration; rather, it was a stringent test of whether an organism had the capacity to degrade pisatin. Furthermore, tolerance mechanisms other than detoxification [10, 23] may exist for some of the isolates used in the present study, such as differences in fungal membranes which might allow differential sensitivity to pisatin [5, 10] . However, the results of the present study support the conclusions of other researchers that the ability to metabolize a phytoalexin is not always associated with tolerance to the compound or with the host range of the fungus [6, 9, 10] .
Linear growth of mycelia in vitro is not the only factor to consider in evaluating the potential toxicity of maackiain and pisatin to fungi [5, 10] . There are many other factors involved in pathogenesis and the survival and reproduction of a fungus. For example, several red clover isolates, upon exposure to (+)maackiain, failed to produce melanized mycelia and pycnidia, although both were present upon exposure to (-)maackiain (data not shown). Also, the bioassays did not test mixtures of phytoalexins, which occur naturally and might interact synergistically or antagonistically [10] .
The information presented here is useful in observing trends which are potentially applicable in disease management. The evidence suggests that the presence of nonhost phytoalexins might improve the disease resistance of red clover and pea to some fungi. The biosynthetic pathways of the pterocarpan phytoalexins have been largely determined [9, 10] , although some of the enzymes involved have yet to be characterized, and the corresponding genes have not been identified and isolated. As a result, the number of genes needed for the production of non-host phytoalexins in a given host is unknown. However, only a few genes would be required to engineer the terminal steps in the biosynthesis of a specific phytoalexin in a plant that already produces a related compound. For example, two steps would be required to engineer (-)pisatin biosynthesis in red clover, which normally produces (-)maackiain (Figure 1 ). Another possible tactic involves manipulation of the stereochemistry of the host phytoalexin, e.g. engineering red clover or pea to produce the non-host phytoalexin (+)maackiain in addition to (-)maackiain (Figure 1 ). It is unknown whether fungal pathogens would eventually become tolerant of the nonhost compounds and, if so, how fast this resistance might develop within a pathogen population. It is now feasible, however, to engineer plants to synthesize non-host phytoalexins [12] , and to test the effectiveness and stability of the disease resistance in these transgenic plants. Values are expressed as a percentage relative to growth on control plates, and are the means of three to eight experimental means. Isolate numbers with asterisks indicate significant differences between enantiomers, determined in a one-tailed Mann-Whitney rank sum test (P = 0.05). Hosts of these fungi and the phytoalexins they produce are noted below the isolate numbers. "Other" refers to isolates not pathogenic on a plant producing either enantiomer of pisatin.
